Kaposi's sarcoma-associated herpesvirus (KSHV; also designated human herpesvirus 8) is the most recently identified human herpesvirus (6, 7) and is associated with Kaposi's sarcoma (KS), primary effusion lymphoma (PEL; also known as body cavity-based lymphoma [BCBL] ) (3) , and a subset of multicentric Castleman's disease (34) . Epidemiologic studies of KSHV relying on PCR detection of specific viral DNA in lesions and tissues as well as subsequent serological assays suggest that this virus largely fulfills Hill's criteria for causation in KS (26) .
KSHV can be directly cultured to high copy number in PEL-derived cell lines, yet the efficiency of transmission to other cell lines and serial propagation of the virus remain low (9, 21) . The first reported and characterized KSHV cell line, designated BC-1 (HBL-6), is coinfected with Epstein-Barr virus (EBV) (4, 10) . This cell line exhibits a clonal immunoglobulin heavy-chain rearrangement characteristic of B-cell origin and contains an average of 40 to 60 KSHV genome copies per cell (4) . Similar to some Burkitt's lymphoma-derived cell lines, the EBV LMP1 and EBNA-2 genes responsible for lymphoblastoid immortalization are not expressed in BC-1 (21) . However, unlike EBV-infected Burkitt's lymphoma cell lines (16) , c-myc rearrangements are not present in either the cell line or the parental tumor (10) . Other cell lines derived from PEL have been subsequently established; some of these are EBV negative, indicating that EBV coinfection is not necessary for in vitro cultivation of KSHV (1, 2, 29, 31) .
The entire nucleotide sequence, except for a 3-kb unclonable region, of the KSHV genome in the BC-1 cell line was recently determined (30) . It consists of a double-stranded long unique DNA of approximately 140.5 kb flanked by high-GϩC terminal repeat (TR) units. Pulsed-field gel electrophoresis analysis of encapsidated DNA from KSHV particles derived from an EBV-negative BCBL-1 cell line demonstrated that the viral genome is approximately 165 kb long (28, 29) ; however, the genome of the KSHV strain infecting BC-1 cells is approximately 270 kb in size. The larger size estimate for the KSHV genome in the BC-1 cell line is due to a duplication of a coding segment which is inserted into the TR region (30) . While KSHV genome transmission from BC-1 cells has been detected by PCR analysis (17, 21) , a formal demonstration that this strain is infection competent has not been achieved. In line with this observation, TR analysis of KSHV in BC-1 is consistent with the virus being under tight latent replication control under standard BC-1 culture conditions (30) . Both BC-1 and HBL-6 (4, 10) cell lines were independently established from the same parental tumor and have identical TR polymorphic patterns, suggesting monoclonal expansion of the virus in these cell lines. Treatment of BC-1 cells with either sodium butyrate or 12-O-tetradecanoylphorbol-13-acetate (TPA) induces viral gene expression characteristic for late lytic infection phase (18) . No indication for significant viral late gene expression is present in BC-1 in the absence of chemical treatment, providing additional evidence for tight latency control of KSHV in this cell line (18) . Other cell lines, such as BCBL-1 and BCP-1, may contain a minority cell population undergoing spontaneous lytic replication, thus complicating the search for genes expressed during virus latency.
Sequence analyses for KSHV from the BC-1 cell line (30) as well as from a KS lesion (22) demonstrate that a large portion of the KSHV genome, represented by blocks of genes encoding viral replication and structural proteins, is conserved among herpesviruses (5, 21, 24, 30) . These areas demonstrate colinear homology with two gammaherpesviruses with transforming potential, EBV and herpesvirus saimiri (HVS). In between the conserved gene blocks, divergent regions contain a number of unique viral proteins, some of which can mimic cell cycle regulation and signal transduction proteins (30) . No KSHV genes with sequence homology to the EBV genes implicated in cell immortalization and oncogenesis (such as EBNA-1, -2, and -3, LMP1 and LMP2, or gp350/220) (15) or the two genes implicated in HVS transformation (STP and TIP) (13, 14) were detected by sequence analysis (30) . This does not exclude the possibility that unique KSHV oncoproteins with distinct amino acid composition and structure exist.
Transcription of herpesvirus genes is generally tightly regulated and takes place sequentially. Herpesvirus gene transcription typically dichotomizes into a latent phase which occurs while the viral genome is maintained in an episomal form and a lytic phase which takes place in a cascade fashion during productive (lytic) infection. Treatment of BC-1 cells with TPA induces lytic EBV replication which is reflected by an eightfold increase in EBV DNA, whereas only a 1.3-to 1.4-fold increase in KSHV DNA takes place (21) . Butyrate treatment preferentially increases KSHV DNA replication over that of EBV in BC-1 (18) . In contrast, other PEL/BCBL cell lines demonstrate a 15-fold increase in KSHV DNA following TPA treatment and have detectable virion production (29) , suggesting that the KSHV strain in BC-1 may be replication defective. Nevertheless, comparative Northern analysis of mRNA extracted from BC-1 and TPA-induced BC-1 indicates that treatment with TPA induces extensive viral transcription which likely corresponds to the active lytic phase of the viral life cycle.
Zhong et al. (38) previously performed a KSHV gene transcription survey using hybridization of viral genomic fragments with radiolabeled cDNA probes derived from KS tissue as well as from a cell line infected with KSHV alone (BCBL-1). This method provides an important initial screen for viral gene transcription; however, it has limited sensitivity allowing only the detection of highly transcribed mRNAs and does not provide information on mRNA size or alternative transcription patterns. Two highly abundant transcripts, T0.7 and T1.1, were identified by this method and subsequently characterized by Northern analysis.
To provide a map of KSHV actively transcribed regions in the BC-1 cell line, we surveyed gene transcription by using Northern hybridization. This map may prove useful to investigators as an initial transcriptional characterization of the KSHV genome. The primary aim of this study was to identify potential coding sequences expressed during latency which will allow subsequent finer mapping and characterization studies. The BC-1 cell line is ideal for transcription studies in BCBL since KSHV is under tight latent control in standard growth conditions (18) . While BC-1 is EBV coinfected, which may affect KSHV gene transcription, this type of coinfection occurs naturally in most BCBL tumors and hence reflects the biologic status of the virus in vivo. Transcripts which are found in the BC-1 cell line under standard growth conditions are likely to encode latency-associated proteins which may be important in maintaining the latent viral genome and/or transforming virusinfected cells.
MATERIALS AND METHODS
Cell cultures. BC-1 (4) and P3HR1 (obtained from the American Type Culture Collection) cells were grown at 37°C in RPMI 1640 (GibcoBRL, Gaithersburg, Md.) supplemented with 10% fetal bovine serum (GibcoBRL) in the presence of 5% CO 2 . To induce lytic gene transcription, cells were exposed to TPA (20 ng/ml; Sigma Chemical Co., St. Louis, Mo.) and harvested after 48 h.
Northern analysis. Total RNA was extracted by the RNAzol method (TelTest, Friendswood, Tex.) followed by mRNA selection using a PolyATract mRNA isolation kit (Promega, Madison, Wis.). Five hundred nanograms of the poly(A)-selected mRNA was loaded per lane on formaldehyde 1% agarose gel and transferred onto nylon membranes (GeneScreen; NEN Research Products, Boston, Mass.). Probes extending over the cloned genome (derived from plasmid subclones and PCR products) were labeled by random priming using synthetic hexanucleotide primers (RediPrime DNA labeling system; Amersham International, Amersham, England) and [ 32 P]dCTP. The positions of the probes are shown in Fig. 1 , and their precise locations are listed in Table 1 . Hybridization was performed in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-50% formamide-5ϫ Denhardt's solution-2% sodium dodecyl sulfate-10% dextran sulfate-100 g of denatured sheared salmon sperm DNA per ml at 42°C. ␤-Actin probe was used as a standard for the amount of the RNA loaded.
RESULTS
Because signal intensity may vary between probes, depending on factors such as probe length, transcript length, exposure time, and specific activity, we have provided a semiquantitative estimate of relative probe hybridization only for genes expressed without TPA induction. Each gel assayed Northern hybridization for BC-1 under TPA-induced and noninduced conditions as well as P3HR1, to control for these factors for each probe. Whereas probe conditions may account in part for the variation in hybridization intensities between probes, this technique allowed accurate estimation of relative TPA-induced versus noninduced intensity of transcript hybridization for genes encompassed by any given probe. Because of the large numbers of bands present after BC-1 TPA induction, no attempt was made to semiquantitate relative intensities of TPA-induced transcripts. No hybridization signals were detected for P3HR1 mRNA, with or without TPA treatment, using any of the KSHV probes, indicating no apparent crosshybridization to P3HR1-encoded EBV transcripts. Since the EBV strain in P3HR1 is deleted for EBNA-2 and partially deleted for EBNA-LP (15), cross-hybridization to this region of EBV cannot be excluded although KSHV does not encode sequence homologs to these EBV genes.
KSHV gene transcription with and without TPA. In agreement with the findings of Renne et al. and Zhong et al. for the BCBL-1 cell line (29, 38) and viral protein analysis using BC-1 (18), Northern analysis indicates that under standard growth conditions, BC-1 cells exhibit a relatively restricted pattern of gene transcription. As indicated in Table 1 , genes which are transcribed in BC-1 without TPA induction include the 1.1-and 0.7-kb polyadenylated mRNA transcripts (T1.1 and T0.7) (29, 36, 38, 39) (27, 33) . The 6.0-kb transcript additionally encodes ORF 73 (LANA), which is spliced out in the 2.0-kb transcript (33) . We designate the 6.0-and the 2.0-kb transcripts as latent transcript 1 (LT1) and LT2, respectively. These results confirm immunoblot studies of LANA expression which demonstrate that this protein is not TPA inducible and not phosphonoacetic acid inhibitable and is thus likely to be expressed during viral latency (12) . A 4.5-kb transcript (LT3) encoded by a region corresponding to the ORF K14 and ORF 75 genes is also transcribed without TPA treatment.
In contrast to the studies by Renne et al. and Zhong et al. (29, 38) , additional transcripts are detectable without TPA induction by the Northern hybridization. These include the 1.0-kb ORF K2 (v-IL-6), 0.8-kb ORF K4 (v-MIP-II), and 1.5-kb ORF K9 (v-IRF) transcripts (19, 25) encoding genes which are homologous to cellular cytokine and intracellular signal transduction proteins. Additional transcripts expressed without TPA induction were detected with probes encoding ORFs K1, 4, and 6 (probe 1), ORFs K3, 70, K4, and K4.1 (probe 4), K5, K6, and K7 (probe 5), ORFs 36 to 42 (probe 16), All of these transcripts demonstrated increased hybridization intensities after TPA treatment ( Table 1 ). The majority of the transcripts which are expressed during presumed viral latency, but are inducible during lytic phase gene transcription, lie in nonconserved regions of the genome (Fig. 1) . Several bands which may span multiple probe sequences and/or are polycistronic were identified. These potentially include a 2.0-kb transcript detected by probes 26 to 29 and a 4.5-kb transcript detected by probes 39 and 40. The present study cannot resolve this question, which will require high-resolution transcript mapping of start and stop sites for these mRNAs. Most transcripts which are only detectable after TPA induction lie in regions which are conserved among herpesviruses and encode structural or lytic replication-related genes. Probes 11 and 12, for example, encompass the 7.0-kb ORF 25 (major capsid protein [MCP]) transcript which is only detectable after TPA induction (Fig. 2C) .
DISCUSSION
The pattern of gene transcription found in BC-1 cells can be divided into three classes of gene transcription: I, II, and III. Class I (Fig. 2A) nucleotide 127870 (33) . ORF 72-and ORF K13-specific probes (36 and 37) hybridize with both LT1 and LT2, suggesting polycistronic (i.e., multigenic transcripts) transcription of both genes. An ORF 73 probe hybridizes only to the 6.0-kb (LT1) transcript, and subsequent cDNA mapping studies show that LT2 originates as a spliced product which excises the ORF 73 gene (33) . All three ORFs have corresponding sequence homologs in HVS (23, 37) . ORF K13 (122710 to 122144) encodes a homolog of viral inhibitor of Fas-mediated apoptosis (37) . ORF 72 (123566 to 122793) encodes a functional cyclin D homolog that can substitute for human cyclin D by phosphorylating the retinoblastoma tumor suppressor protein (8) . ORF 73 (127296 to 123808) encodes LANA (27), a highly immunogenic protein that is expressed in PEL-derived cell lines and is being used in immunofluorescence and Western assay-based serological tests (12) . The third class I transcript (LT3) is an mRNA of 4.5 kb detected with probes 39 and 40. Unlike LT1 and LT2, LT3 has not been characterized. The ORF 74-specific probe (41) hybridizes only with TPA-induced transcripts of 9.0 and 2.5 kb, indicating that ORF 74 is not encoded by LT3; however, it remains to be seen whether ORF K14 (vAdh) or ORF 75 (FGARAT) is encoded by LT3. The fact that the abundance of the above transcripts is not affected by TPA treatment supports the notion that they represent true latentphase mRNAs. These mRNAs were not detected previously in BCBL-1 (29, 38) , probably due to a limited sensitivity of the method used.
The second class of gene transcription, class II ( (35) . T0.7 (118101 to 117919) appears to encode a 60-amino-acid membrane protein (38) and was found by in situ hybridization to be expressed in the majority of the KS spindle cells (35) . mRNAs which are transcribed at moderate levels without TPA treatment in class II include the cytokines v-IL-6 (ORF K2; probe 3), v-MIP-II (ORF K4; probe 4), and v-IRF (ORF K9; probe 25) (19, 25) . The sizes of these transcripts are 1.0, 0.8, and 1.5 kb, respectively. Similarly, probe 20 hybridizes with 1.5-and 2.0-kb mRNAs from BC-1 cells which are still induced by TPA. It should be noted that class II transcripts, which appear to be expressed during both latent and lytic virus replication cycles, tend to be clustered among the nonconserved regions of the genome which encode signal transduction and regulatory protein homologs. Transcripts which demonstrate low levels of expression in this class are listed in Table 1 .
The third class of transcripts, class III (Fig. 2C) , includes mRNAs that are detected in BC-1 only following TPA induction. These transcripts most likely encode lytic genes which are transcribed during active infection and are necessary for efficient viral replication and virion particle production. Some examples include transcripts of the ORF 25 (MCP; probe 12), ORF 6 (DNA polymerase; probe 2), and ORF 21 (gH; probe 11). TPA may also induce EBV-encoded genes, such as lytic transactivator proteins, which may affect KSHV gene transcription. KSHV gene transcription in the BC-1 cell line may be affected by EBV gene expression, and thus these results may not be the same for PEL/BCBL cell lines infected with KSHV alone. Our results are consistent with those of Lagunoff and Ganem, who showed that the ORF K1 gene behaves as a class III gene in that 1.35-and 3-kb transcripts which hybridize with the ORF K1 probe are induced only after TPA treatment (16a). While we did not localize expression in this region, these transcripts are probably identical to the 1.8-and 3-kb class III transcripts found with probe 1 ( Table 1 ). The high abundance of conserved structural and metabolic gene transcripts after TPA induction and the inability to detect them in the absence of TPA treatment provide support for the notion that KSHV is under tight latent control in BC-1 under standard growth conditions.
The present study was designed to provide a preliminary survey of potential coding sequences for latently associated mRNAs in PEL that can help direct more detailed expression studies. Our results suggest that true latent transcription is restricted in PEL as in KS lesions. However, a number of genes are expressed, generally at low transcription levels, in PEL without TPA treatment and are inducible with TPA (class II). Interestingly, this category of transcription includes many unique KSHV genes (e.g., the viral cytokines and v-IRF) which may play a role in abrogating cellular pathways to control viral infection and in cell transformation (11, 20) .
Several important caveats to this study should be mentioned. Very low levels of expression may not have been detected under our conditions; we have previously described low level transcription of ORF16 (v-Bcl2) in BC-1 (32) , and thus this gene may fall into our class II transcription category on more detailed examination. Further, the fact that transcription of class II mRNAs is induced by TPA raises the possibility that these are not authentic latent transcripts; rather, they may represent highly abundant lytic-phase mRNAs and/or relatively stable mRNAs which accumulate in a minor subpopulation of the infected cells undergoing spontaneous lytic reactivation in culture. However, phosphonoformic acid treatment to inhibit DNA polymerase activity did not affect abundance of ORF K2 (v-IL-6) or ORF K9 (v-IRF) class II transcripts in either TPA-treated or untreated cells (data not shown), implying that detection of these class II transcripts in TPA-uninduced cells is not caused by late lytic mRNA expression in a minority population of cells. The inability to detect transcription of conserved late genes such as the major capsid protein, a marker for late lytic infection (probes 11 and 12), and the fact that class II transcripts are largely expressed from nonconserved regions which do not encode structural genes argue against this interpretation. It is more likely that class II transcripts represent constitutively expressed mRNAs which are induced to higher levels during the active phase of the infection. It is not likely that KSHV subgenomic duplication in BC-1 results in a double gene dosage or loss of regulatory control allowing expression of class II transcripts during latency since most of the genes in class II (e.g., ORF K2 [v-IL-6]) are not part of the BC-1 genomic duplication. Finally, another caveat is that alternative splicing events may occur in which transcription of the TPA-induced class II transcripts results from more than one promoter: one which is constitutive and allows gene expression in standard growth condition and another which is TPA inducible. Finer mapping of those transcripts may validate this possibility.
This study provides a working map of KSHV gene transcription in BC-1 during presumed latency and lytic replication which may prove useful for future investigations on the regulation of individual genes. This mapping study provides a more sensitive assessment of KSHV transcription than previously determined by using cDNA hybridization, allowing us to iden-tify additional genes transcribed in the absence of TPA induction. These genes may play a role in maintaining the latent KSHV episome and may contribute to KSHV-related pathogenesis.
